For the next three years the nominal "long pulse" (200 fs) mode of FEL operation at VUV-FEL, based on a linearized bunch compression, is not available due to the lack of a key element -a 3rd harmonic RF cavity. Essentially nonlinear compression leads naturally to a formation of a short high-current leading peak (spike) in the density distribution that produces FEL radiation. Such a mode of operation was successfully tested at VUV-FEL, Phase I. In this paper we present optimized parameters of the beam formation system that allow us to get a current spike which is bright enough to get SASE saturation for the VUV-FEL, Phase 2 at shortest design wavelength down to 6 nm. The main feature of the considered mode of operation is the production of short (15-50 fs FWHM) radiation pulses with GWlevel peak power that are attractive for many users. Main parameters of the SASE FEL radiation (temporal and spectral characteristics, intensity distributions, etc.) are presented, too.
Introduction
The vacuum ultra-violet (VUV) free-electron laser (FEL) at the TESLA Test Facility (TTF), Phase I has demonstrated saturation in the wavelength range 80-120 nm based on the selfamplified spontaneous emission (SASE) principle [1] [2] [3] . It was not simply a proof-of-principle experiment as it was planned at an early stage of the project [4] . TTF FEL at DESY demonstrated an ultimate performance for this class of coherent radiation sources in the VUV wavelength range. It has been realized experimentally a unique mode of operation of SASE FEL producing radiation pulses of ultimately short duration, i.e. about coherence time. Each radiation pulse of about 40 fs duration consisted of one-two wavepackets. In other words, TTF FEL produced radiation pulses close to Fourier limit. The degree of transverse coherence was pretty high, too. Peak power (averaged over ensemble) exceeded 1.5 GW. Thus, TTF FEL produced nearly completely coherent (longitudinally and transversely) VUV radiation pulses with ultimate peak power. Number of photons in one mode exceeded the value of 10
13 . Excellent properties of FEL radiation were used in the pioneering user experiments [5, 6 ] (see Fig. 1 ).
By the time of the planning stage of the TTF FEL, Phase I parameters of the electron bunches expected to be [4] : normalized emittance 4-6 mm-mrad depending on bunch charge, a peak beam current of 500 A, an rms bunch duration of 1 ps, and an energy spread of 0.5 MeV.
Operation of the FEL in the saturation regime was expected only for normalized emittance less or about 2 mm-mrad. However, it has been decided to start first FEL run in order to test machine Unfortunately, many of the factors needed for the estimate of the FEL gain were not known, and a certain degree of optimism was required in the assumption of relatively favorable values for them in order to predict saturation. Fortunately, the design value of local energy spread in the electron beam was taken most pessimistically. Analysis of experimental results obtained at TTF FEL has shown that the value of the local energy spread in the electron beam was significantly overestimated, by a factor of five. This was very essential factor which significantly improved operation of the VUV FEL and did allow to bring it into the saturation.
Excluding machine failures stability of the system was good. The evidence of saturation regime was firm, and stable operation of the machine allowed to perform detailed measurements of the FEL radiation (which also gave a valuable information about the properties of its sourceelectron bunch). Analysis of experimental data for the radiation properties have led to the unique conclusion that SASE FEL produced ultra-short (40 fs) radiation pulses. An intriguing feature of this experiment at the TTF FEL was its extremely high output peak radiation power (above GW level) which was a strong indication on a high value of peak current. Further analysis has
shown that the beam dynamics in TTF1 linac was nontrivial [3] . Due to nonlinear compression and small local energy spread the short high-current (3 kA) leading peak (spike) in density distribution was obtained. Despite strong collective effects (of which the most critical was the longitudinal space charge (LSC) after compression) this spike was bright enough to drive FEL process up to the saturation for the wavelengths around 100 nm.
For the next few years the nominal "long pulse" (200 fs) mode of FEL operation at TTF2, based on a linearized bunch compression, is not available due to the lack of a key element -a 3rd harmonic RF cavity. Essentially nonlinear compression leads naturally to a formation of a short high-current leading peak (spike) in the density distribution that produces FEL radiation.
A short current spike regime is the natural solution for producing short SASE pulses. For TTF2 a femtosecond mode of operation was introduced in [7] for lasing at the wavelengths down to 30 nm. However, at that time there were no reliable simulations of beam dynamics available.
On one hand, too pessimistic assumption was made in [7] about slice normalized emittance (6 mm-mrad) originated from the gun. On the other hand, a harmful influence of LSC was not taken into account in the considered scenario of compression (full compression in BC2 while BC3 was off).
In this paper we present the results of TTF2 linac optimization (with the codes Astra [8] and elegant [9] ) for the short spike regime. Choosing appropriate injector settings and using two bunch compressors, one can tolerate collective effects on beam dynamics without 3rd harmonic cavity. SASE FEL process is simulated with the code FAST [10] . It is shown that the FEL can safely saturate even at the shortest design wavelength, 6 nm. SASE FEL output parameters (peak power, pulse duration, spectra, angular distributions etc.) are calculated for 30 nm and 6 nm. With a GW level of the peak power one obtains short pulses in the range 15-50 fs FWHM.
Optimized parameters of the TTFlinac
The nominal design of TTF2 [7] (see Fig. 2 ) assumes the optimized injector and a linearized compression in two bunch compressors 1 , BC2 and BC3, with the help of the 3rd harmonic superconducting RF cavity being developed. For the next few years this cavity will not be available, so that this regime cannot be realized. The main potential advantages of such a regime (as compared to a short spike regime) from the point of view of accelerator physicists are:
longer high-current (lasing) part of the bunch (with rms length σ z ) is less sensitive to coherent synchrotron radiation (CSR) and LSC (for a given current these effects scale as σ [12] ; both BC1 and BC2 are on (right) [13] . Full width of the screen corresponds to approx. 8 MeV experiments. There are many sophisticated schemes (suggested over last few years) aiming at shortening SASE pulse. The short spike regime is a natural solution for producing short pulses, provided that collective effects are tolerated.
Two regimes of the spike formation were studied experimentally already at TTF1: the nominal one with only one bunch compressor (BC2) [3] and the alternative one with two bunch compressors (BC1 and BC2). The latter regime allowed one to get a longer spike after BC2 due to a mild preliminary compression in BC1. The collective effects could be efficiently tolerated this way. One can get a qualitative impression about these two regimes by comparing electron beam energy spectra (see Fig. 3 ). The question arises: can the TTF1 experience be extrapolated to a different layout of TTF2 and much shorter wavelengths? In this paper we give a positive answer: by using the optimized injector and two bunch compressors (BC2 and BC3) one can obtain a short current spike and preserve its quality at the level sufficient for lasing at short wavelengths (down to 6 nm, the shortest design wavelength of TTF2).
The optimization of the beam dynamics was done for the 30 nm case (beam energy 450 MeV). The following simulation scheme was used in order to include the most important effects. Simulation of the initial part of the machine (up to the first quadrupole) was performed with Astra. The injector settings and beam parameters can be found in [11] . Then the tracking was done with elegant up to the end of the 4th accelerating module, including CSR effects in both bunch compressors. The last part of the machine, up to the undulator entrance, was simulated with Astra using a simplified lattice (excluding dogleg) in order to take into account space charge effects. The low-current long tail of the bunch was cut out in this last part of the simulation.
For the nominal operation point the following main parameters were chosen. A Gaussian laser pulse with the 4 ps rms duration was used to extract 0.5 nC from the gun (the other injector settings and beam parameters at the exit of ACC1 can be found in [11] For these settings we have a mild compression in BC2, and then a high-current spike (containing about 10 % of the total charge) in BC3. Combination of two phases, ACC1 and ACC23, defines a slice (in the initial distribution) of which the spike is made. Note that the most critical phase is that of ACC1. A typical good range for this phase is 6-9 degrees off-crest (phase is counted for a reference particle in the center of incoming bunch). Phase of ACC23 could be tuned in a much wider range (from on-crest to some 20-30 degrees off-crest depending on initial conditions and a final choice of the R 56 of BC3).
Slice parameters in the front part of the bunch at the undulator entrance are shown in Fig. 4 .
For the slice with a maximal current (1.3 kA) the mean geometric of x-and y-normalized emittances is about 1.5 mm-mrad, and the local energy spread is about 300 keV. One may notice unusual drop of slice emittances (well below the value of emittance in the best slice before compression) in the bunch head. This behavior does not violate Liouville's theorem (stating that phase space density is conserved, not the slice parameters) and is explained by specific correlations between longitudinal and transverse phase spaces in the injector (see [3] for the detailed explanation). Longitudinal phase space in should not be too small, there is an optimum.
To illustrate the sensitivity of the considered scheme of beam formation to the initial conditions, we simply changed the charge (in the experiment this corresponds to changing flash lamp current in the laser system) to 1 nC without touching any other parameters. The resulting slice parameters of the beam are presented in Fig. 5 . For the slice with a maximal current (2.2 kA) the mean geometric of x-and y-normalized emittances is 3.5 mm-mrad, and the local energy spread is 300 keV. However, by optimizing the machine settings for 1 nC case one could significantly improve the slice parameters.
Generally speaking, the FEL operation at 30 nm should be quite insensitive to the charge for a given laser pulse (specified above), and one could successfully tune SASE with higher FEL simulations we assume perfect orbit and perfect matching). Note that for the femtosecond mode of operation, considered in this paper, the lengthening of the laser pulse (by pulse stacking technique, for example) is not appropriate. It has several disadvantages that are not discussed here. Concluding the discussion on the optimal charge, we can qualitatively mention the general tendency (again, for a given laser pulse): for shorter wavelengths the optimal charge moves to lower values.
Although we did the simulations for 30 nm case (450 MeV), we can do a simple generalization towards higher energies. We assume that machine settings are the same up to the end of BC3. Then we accelerate the beam up to the required energy (say 1 GeV). Since space charge effect cannot be worse for higher energies, we can use the results of Figs. 4 and 5, and simply move the energy up. Although this is a pessimistic estimate, in the following section we show that even in this case one can safely reach saturation at 6 nm.
Radiation properties
Soon after understanding parameter range of TTF FEL, Phase I it has also been realized that femtosecond mode of operation will be a default mode for the next few years [7] . At that time there were no reliable start-to-end simulations available, and we took parameters of TTF1 as a starting point to give potential users an idea about properties of the radiation. It has been
shown that even with slice emittance obtained at TTF1 (around 6 mm-mrad) we can safely generate radiation with the wavelength around 30 nm. Since bunches produced by laser-driven gun have low energy spread, the main limiting factor for minimum radiation wavelength is slice emittance. A new injector developed for TTF2 [15] can produce electron bunches with slice emittance well below 2 mm-mrad, thus allowing to reach much shorter radiation wavelengths.
As it was shown above, the bunch formation process is not trivial, and depends on several fundamental effects, such as space charge and coherent synchrotron radiation. Target goal for the FEL is high value of peak current keeping slice emittance and energy spread at a low level. We do not present here the probability distributions of the energy in the radiation pulse. In the high-gain linear regime this is simply gamma-distribution [14] :
and in the nonlinear regime distributions are pretty much close to those obtained at TTF1 [3] .
As we mentioned above, analysis of probability distributions gives valuable information about temporal properties of the radiation pulse.
Main parameters of SASE FEL operating in a femtosecond regime are summarized in Table 1. More detailed features of the radiation can be found from the plots presented in Figs. 7-13.
These plots are divided into four groups corresponding to 30 nm and 6 nm radiation wavelength (for the cases of 0.5 and 1 nC). Each group presents summary plots for linear and nonlinear regime of SASE FEL operation: temporal and spectral properties of single pulses, and distributions of the radiation intensity in near and far zone. Table 2 is a roadmap to graphical material. Properties of the radiation at 30 nm wavelength are expected to be similar to those obtained at TTF1 [1] [2] [3] . Number of modes in the radiation pulse is expected to be M = 3 . . . 6 depending on the tuning of the driving beam. As it was demonstrated at TTF FEL Phase I, we predict some suppression (down to 40%) of the fluctuations of the radiation energy after a narrow band monochromator [16] . Radiation properties are expected to be distorted by the energy chirp along the lasing part of the electron bunch. First, this is widening of the radiation spectrum. Second, spatial distortion of the beam radiation mode takes place. This is reflected by the angular distribution of the radiation intensity in the far zone -appearance of the tails at large angles.
Operation of the SASE FEL at longer wavelengths is less critical with respect to different tuning of the driving bunch parameters. The saturation length for two cases under study (0.5 and 1 nC) is 18 and 22 m for 30 nm wavelength. The difference in the saturation length becomes larger when approaching 6 nm wavelength. This happens because the gain process becomes to be more sensitive to the emittance at shorter wavelengths. However, we see that the bunch formation system allows to prepare the driving bunches with good properties for lasing at 6 nm wavelength with sufficient safety margin in terms of the undulator length. FEL, Phase I did show that this not a trivial task. Due to a lack of slice electron bunch diagnostics capable to work on a femtosecond time scale, we will be in the same situation as at TTF1.
The problem to detect light amplification is the background on the detector due to synchrotron radiation (see Fig. 6 ). This problem is relaxed when going over to longer wavelengths. At the wavelength of 30 nm situation with the radiation background is similar to that of TTF FEL, Phase I -electron trajectory need to be perfectly aligned along two undulator segments. This is rather optimistic sign in the sense that the scale of experimental problem is comparable to that already solved. Firm detection of the amplification process at 6 nm wavelength will require perfect alignment of the beam trajectory along three undulator segments. This is not the only complication, and the problems of reliable operation of radiation detectors at shorter wavelength should be investigated gradually.
Experimental experience of TTF1 has shown that detection of the first light amplification is of crucial importance. First, this gives a reference ("golden") orbit which corresponds nearly straight trajectory of the electron beam at a significant fraction of the undulator length. Knowledge of the correct reference orbit is of great help for recovering of SASE amplification after machine failures. Second, the signature of amplification indicates that RF phases fall into operating range. Third, the machine optics is good enough and the lasing part of the bunch is relatively well matched to the undulator. Further improvement of the SASE amplification should not be a serious problem if reliable photon diagnostics is available. Here crucial element is a radiation detector covering complete operating range of SASE intensities, from spontaneous emission to saturation. During operation of TTF1, an MCP-based radiation detector was used for this purpose which gave the possibility for on-line tuning of optimal regime without significant problems. Similar detector is installed at TTF2.
The main steps of the FEL commissioning could be formulated when the main feature of beam formation is understood. Out of initial beam distribution (that we get after ACC1) we select a short slice (containing some 10% of the total charge) and make from it a short current spike that is supposed to lase. By varying phase of ACC1 and ACC23 we go from one slice to another one. To get lasing one has to satisfy three conditions at the same time (we formulate them qualitatively):
• The local quality of the spike (current, emittance etc.) must be sufficient for lasing,
• The orbit of the spike in the undulator must be straight enough
• The spike must be optically matched to the undulator (with some accuracy)
Since the local properties (emittance, Twiss parameters, orbit etc.) may differ dramatically from the projected ones and there is no diagnostics on a 10 fs scale, very precise optimization of the projected parameters is not required. This simplifies the first steps of commissioning ("quick-and-dirty" optimization is sufficient) and complicates the last one, tuning SASE. For the commissioning scheme, described below, only standard beam diagnostics is required (BPMs, screens, possibly pyrodetectors and wirescanners).
The following steps can be made:
• Injector back in operation
Optimized settings for a reasonable projected emittance (going on-crest in ACC1 and straight in BC2) are defined. In case of problems with charge loss for 1 nC, the charge can be reduced (comfortable range of the main solenoid current should be provided). Laser pulse stacking is not recommended (that would be disadvantageous for the femtosecond mode). For the laser system the main effort should be dedicated to optimization of intensity distribution on the cathode (using "virtual cathode"). Solenoid alignment is still desirable. Final steps would be: beam through BC2 (on-crest in ACC1), a (crude) matching to FODO channel and a (crude) minimization of dispersion.
• Beam through the undulator
Beam is on-crest in all modules, BC3 is on. Going through the bypass is not recommended, that would delay the first lasing. Initially beam is dumped in the collimator, then -through the undulator to beam dump. The main task: setting up a reasonable optics (again meaning "projected" parameters). Beta-functions after FODO in BC2 area should be relatively tight, on one hand, and relatively flat, on the other hand (strong beat should be avoided). Typically, the values of beta-function like 15-30 m could be reasonable (except for the dogleg). Small waists in bunch compressors are not needed at this step (probably at all). Even if energy is not known exactly, one can use beam sizes on screens to roughly set up the optics (with later correction when energy is well measured). Very precise matching to the undulator is not required. Orbit should be kept within a few hundred microns in the linac and a hundred microns in the undulator. A crude minimization of the dispersion after BC3 and dogleg is desirable. A few last shifts are dedicated to photon diagnostics (calibration of detectors using spontaneous emission).
• First lasing and saturation around 30 nm This can be done by a relatively small group of operators having rich experience in tuning SASE at TTF1. A special shift plan would be desirable. The above mentioned three conditions are achieved by empirical tuning.
Summary
Conclusion of our study is optimistic: femtosecond mode of operation will allow to overlap complete operating wavelength range of the TTF FEL. Minimum wavelength will be mainly limited by the available energy of the electron beam. Starting of operation at 30 nm wavelength seems to be a reliable way to get success for the first lasing. The next milestone for the TTF FEL would be the operation at the wavelength around 12 nm (linac energy about 700 MeV) that can be done without installation of additional hardware. With the third harmonic of the radiation it would be possible to reach the "water window" with the pulse duration on a 10 fs scale. This will greatly extend possibilities for user experiments. Taking into account the rich experience of the TTF team in operating TTF1 FEL in a femtosecond mode, this goal does not seem to be unrealistic. With six undulator modules we can go down well below design value of 6 nm wavelength. In principle, saturation at 6 nm can be achieved with five undulator segments. Replacement of the last segment with frequency doubler [17] will allow to reach 3 nm wavelength with GW level of output power.
